These mechanisms are often the result of a high-speed impact. The most common source of such an impact is a motor vehicle collision; however, bicycle crashes, falls, blast injuries, sports related injuries, and assaults all can result in blunt injury to the heart [9, 10] . Blunt trauma also can cause penetrating cardiac injury, which can be seen when a sternal fracture results in right ventricular perforation, or fractured ribs lacerate the right or left ventricle [2, 8, 11, 12] .
Pattern of injury
The right heart is the most the most common site of BCI [2, 13] . This finding is likely the result of steering wheel-anterior chest wall impact injuries and the anterior location of the right atrium and ventricle within the mediastinum (Table 1 ) [2, 14] . Concurrent injury to more than one chamber has been documented in over 50% of BCI patients [15] . For those patients with blunt traumatic rupture of the heart, the risk of having more than one chamber ruptured is over 20% [16] . Of those patients who experience rupture of a cardiac chamber, only a small fraction reaches an emergency room alive
Natural history
Minor ECG or cardiac enzyme abnormalities secondary to BCI usually resolve over time, and most areas of dyskinesia or dysrhythmias will recover proper function within a few hours [3, 17] . BCI with complex arrhythmias can cause heart failure, which if severe, can result in death [18, 19] . BCI with cardiac-free wall rupture or laceration of a coronary artery that causes extracardiac hemorrhage is usually fatal and results in deaths at the scene of the injury [2, 6, 11, [20] [21] [22] . BCI with either delayed rupture of a high pressure chamber, or rupture of a low-pressure chamber or a coronary vein, however, may allow the patient to survive until presentation to the hospital [8, 11, 23, 24] . Small volumes of hemorrhage resulting in hemopericardium can be asymptomatic. Hemopericardium of greater than 200 mL of blood, however, usually creates symptoms of cardiac tamponade, which if severe, necessitates pericardiocentesis [25] . Asymptomatic hemopericardium can organize eventually and result in constrictive pericarditis months after the injury [14] . BCI with rupture of an atrial or ventricular septum results in shunting of blood from the high-pressure chamber to the low-pressure chamber and usually manifests as heart failure [26, 27] . Similarly, BCI with valve or papillary muscle injury can result in regurgitation of blood from a high-pressure chamber or artery into a lower pressure chamber [28 -30] . The degree of regurgitation tends to worsen with time. The rate of degeneration of the valve's function appears to depend on its location. Regurgitation of the mitral or aortic valves tends to cause symptoms immediately or within the first few weeks after the injury, while injury to the pulmonary or tricuspid valves can be asymptomatic for several years [18,23,30 -33] . BCI with coronary artery injury can result in occlusion, dissection, or spasm, any of which may manifest immediately or several hours after the injury. These patients often present with the findings and consequences of myocardial infarction [34] .
Diagnosis of BCI
Few clinical signs or symptoms are specific for BCI [6] . The most common finding associated with BCI is chest pain [35] . This pain may or may not be anginal in nature, and it is usually a result of associated thoracic trauma. Because BCI is usually the result of a high-velocity impact, associated injuries are common (Table 2) . Dyspnea, chest wall ecchymoses, flail chest, and sternal fractures should raise suspicion for BCI [4,19,36 -39] . Cardiac dysfunction can cause distended neck veins if hemorrhage has been minimal [14] . Although ausculatory findings such as a thrill, murmur, or rub should raise suspicion for BCI, these findings are usually not present [40] . Physical exam findings concerning for BCI are often the result of cardiac dysfunction, and they are typified by dysrhythmias, global cardiac ischemia, or low cardiac output and hypotension [3, 5, 19, 41] . Controversy exists regarding the utility of using ECG, cardiac enzymes, and echocardiography to diagnose BCI. A meta-analysis of the BCI literature was performed by Maenza et al to identify those patients with BCI who are at risk of developing cardiac complications [42] . Twenty-five prospective and sixteen retrospective studies were identified. The prospective studies contained a total of 2210 patients. Cardiac complications requiring treatment, identified in 2.6% of patients, were usually dysrhythmias. An abnormal emergency department ECG or an abnormal creatine kinase -MB isoenzyme (CK -MB) was found to correlate with the risk of developing BCI-related cardiac complications that required treatment. Initially, an abnormal echocardiogram also correlated with the risk of BCI-related cardiac complications. A sensitivity analysis, however, was performed to evaluate further the subgroup of reports that investigated echocardiography after BCI. This analysis resulted in the exclusion of one study. After this exclusion, no statistical correlation was identified between an abnormal echocardiogram and the risk of a BCI-related cardiac complication that required treatment. Additionally, the use of radionuclide angiography in blunt trauma patients did not correlate with the risk of developing complications related to BCI.
Assessment of BCI

Electrocardiography
Level I evidence supports obtaining an admission or emergency room 12-lead ECG for all patients suspected of having BCI [43] . Unfortunately, no single ECG finding is pathognomonic for BCI [44] . Nonspecific changes, including sinus tachycardia, are present in up to 80% of the ECGs obtained in patients with suspected BCI [44 -46] . Dysrhythmias requiring treatment also can be detected by the admission ECG (Tables 3 and 4) . Using any ECG changes, including sinus tachycardia, bradycardia, conduction delays, or atrial or ventricular dysrhythmias, can provide a sensitivity of 100%, a specificity of 47%, and a negative predictive value of 90% in the detection of BCI-related complications that require treatment [47] . Use of right-sided precordial leads has not been proven to aid in the identification of BCI [48, 49] .
Electrocardiogram changes that correspond to clinically significant BCI are usually present at the time of admission. These changes, however, occasionally are detected after admission, but usually within the first 24 hours after injury [19,41,50 -52] . Deaths caused by BCI with late dysrhythmias, despite a normal [62] Total N = 94 BCI = 26 admission ECG, have been reported [53] . Several prospective series have demonstrated that if the admission ECG displays normal sinus rhythm, then the risk of developing cardiac complications related to BCI is extremely small [45, 50] . These findings have led to the conclusion that in the young, hemodynamically stable patient, a normal ECG precludes the need for further evaluation to detect BCI [3, 17, 20, 25, 41, 45, 50, 54] . A small number of patients with a normal ECG can encounter cardiac complications related to BCI, however [9, 45, 55] . These patients usually possess some other finding of concern, such as unexplained hypotension, Fig. 1 . Algorithm for the evaluation of patients suspected of having BCI.
multiple injuries or significant chest wall injuries, a history of cardiac disease, or old age. The initial evaluation in patients at risk for BCI should include an appropriate history and physical exam, combined with obtaining a chest radiograph and a 12-lead ECG. All patients with multiple injuries should be admitted to provide a level of care appropriate to treat their injuries. A 24-hour period of observation, which includes ECG telemetry, should be employed if a patient suspected of having BCI is hemodynamically stable and has either an abnormal ECG, or an age greater than 55 years, or a history of cardiac disease.
If the patient suspected of having BCI has any unexplained hypotension or evidence of cardiac dysfunction, observation should be performed in an intensive care unit (Fig. 1) [17, 45, 50] .
Cardiac enzymes
Initially, creatine phosphokinase (CPK) and CK -MB were used to assist in the detection of BCI. Unfortunately, further investigations have concluded that CPK and CK -MB lack specificity for the risk of developing complications secondary to BCI [41, 44, 45, 50, 55, 56] . Fabian et al reported a prospective evaluation of 140 patients with blunt chest wall trauma and found that CK -MB to CPK fractions greater than 5% correlated with the risk of developing a significant dysrhythmia. The authors also noted, however, that CK-MB had a low specificity for dysrhythmias or reduced cardiac output in these patients, and eventually they concluded that CK -MB should be abandoned as a screening test for BCI [52] . The low specificity may result if trauma to multiple areas has occurred, as CPK and CK -MB also are present in skeletal muscle, colon, lung, liver, and pancreatic tissue [47,55,57 -61] . It is also important to note that the amount of CK -MB released as a result of myocardial laceration might be small, because the degree of myocardial necrosis is minimal. This occurrence would result in a relative increase in false-negative tests for cardiac injury, which may explain the nominal sensitivity of CPK and CK -MB for BCI [14] .
More recently, cardiac Troponin I (cTnI) and cardiac Troponin T (cTnT) have been used to screen for BCI [58, 59] . The specificity of both cTnI and cTnT for BCI is greater than CPK and CK -MB, since neither cTnI nor cTnT is released with skeletal muscle injury [58, 62, 63] . The sensitivity of cTnI and cTnT may not exceed CPK and CK-MB, however [62, 64] . In 26 patients defined as having BCI by ECG or echocardiographic criteria, the sensitivity of cTnI ( 0.1 mg/L) and cTnT ( 0.1 mg/L) was 23% and 12% respectively, while the specificity was 97% and 100% respectively [62] .
The value of cTnI increases when it is combined with the admission ECG. A report by Salim et al demonstrated that no significant BCI-related complications occurred in patients who had a normal ECG and normal serial measurements of cTnI. In this study, the sensitivity of an abnormal ECG and elevated cTnI for clinically significant BCI was 100%, and the positive predictive value under these circumstances was 62%. As a comparison, this series reported the sensitivity of an abnormal ECG was 84%, and the negative predictive value was 95% for the prediction of clinically significant BCI [51] . In Salim's series, six patients had a clinically significant BCI in the presence of an abnormal ECG and normal serum cTnI. These false-negative findings were higher than those discussed in a report by Collins et al, which described a prospective study of 66 patients suspected of having a BCI [63] . Sixteen patients had an abnormal ECG and normal cTnI, which was measured 4 to 6 hours after injury. These patients were observed for 24 hours and discharged without complications. The difference between these two studies, regarding the incidence of false-negatives using a combined ECG-cTnI protocol in predicting significant BCI, is likely the result of the studies' definitions of an abnormal ECG. Collins' definition of an abnormal ECG included those patients with sinus tachycardia, whereas an abnormal ECG in Salim's study did not include those patients with sinus tachycardia, sinus bradycardia, or nonspecific ST -T wave changes. It appears that in the presence of more dramatic ECG abnormalities, a normal cTnI may be of little benefit for risk stratification for cardiac complications.
Additional findings of the Collin's study included 10 patients with an abnormal cTnI, measured 4 to 6 hours after injury. Of these 10 patients, 8 had an abnormal admission ECG. Five of these 10 patients were hemodynamically unstable, and a transthoracic echocardiogram was obtained. Echocardiography identified that two of the five patients had cardiac dysfunction. The authors concluded that obtaining cTnI with a normal ECG is not necessary. Additionally, if the admission ECG has minor abnormalities, but the cTnI 4 to 6 hours after injury is normal, then the risk of BCI-related complications is low [63] . In older patients with a normal ECG, or an ECG demonstrating sinus tachycardia or nonspecific ECG changes, the presence of normal serum cTnI or cTnT measurements may provide some reassurance that the risk of cardiac complications related to BCI is low. The diagnosis of BCI should not rely completely on the presence of an elevated serum cTnI or cTnT, but it should be supported by additional data.
Echocardiography
Echocardiography is a valuable tool in the assessment of cardiac function after BCI. Additionally, echocardiography assists in the diagnosis of noncardiac injuries, including aortic rupture, intracardiac thrombi, pericardial effusion, and pleural effusion [15, 65, 66] . Unfortunately, echocardiography has little utility as a screening test for clinically significant BCI in the hemodynamically stable patient [5, 15, 17, 25, 57, 67, 68 ]. Hossack et al described 75 patients with blunt chest injury who were evaluated with ECG, CPK, two-dimensional echocardiography, and radionuclide ventriculography to measure the incidence of BCI. Two-dimensional echocardiography detected wall motion abnormalities in three patients. Two patients in this series died; but neither had wall motion abnormalities. The authors concluded that echocardiography should not be performed routinely to detect BCI in patients with blunt chest trauma [57] . This conclusion was supported by Karalis et al, who reported a prospective study of 105 patients with severe thoracic trauma who underwent either transthoracic echocardiography (TTE) or transesophageal echocardiography (TEE) [15] . Echocardiographic evidence of myocardial contusion was identified in 31 patients. Eight of the 31 patients diagnosed with cardiac contusion developed cardiac complications, while 2 of the 74 patients without cardiac contusion developed cardiac complications. Four of the eight patients required treatment of their complication. Karalis concluded that given the low incidence of cardiac complications following blunt chest trauma, echocardiography was only beneficial in evaluating those patients who required treatment for cardiac complications [15] .
Some physicians have expressed that the value of TTE in blunt chest trauma is limited, because patients with severe chest wall injury often have suboptimal TTE examinations [15, 65] . TEE can provide high quality images when the transthoracic image quality is poor [38, 40, 66, 69] . Chirillo et al compared TTE and TEE in the evaluation of 134 patients with severe blunt chest trauma [65] . TTE provided suboptimal results in 83 patients, while TEE provided acceptable images in 131 patients. TEE identified myocardial contusion in 45 patients and cardiac valve injury in two patients, while TTE was only able to identify myocardial contusion in 15 patients, and did not detect any valve injuries. Unfortunately, echocardiography may not assist in the identification of patients at risk of developing BCI-related complications. Either TTE or TEE should be performed promptly, however, to evaluate cardiac function in any patient with a dysrhythmia, unexplained hypotension, or evidence of cardiac failure [15, 20, 25, 38, 66, 70] .
Radionuclide angiography
Radionuclide angiography has been used to evaluate myocardial injury after blunt chest trauma, but there is probably no advantage in its routine use [3, 13, 17, 67] . Sutherland et al prospectively investigated 77 patients with severe blunt chest injury. BCI was defined using radionuclide angiography to detect discrete abnormalities of wall motion in patients without a clinical history of heart disease. Forty-two patients had focal abnormalities of wall motion, which resulted in decreases in both the right and left ventricular ejection fractions when compared with the 35 patients without wall motion abnormalities. These results may indicate a role for radionuclide angiography in the evaluation of ventricular function in a severely injured BCI patient, but at this time, radionuclide angiography is not recommended as a test to diagnose BCI [42, 43] .
Other cardiac imaging tests
Other modalities have been investigated for their potential to evaluate BCI, but their potential utility is still undefined [46,71 -74] . These modalities include Thallium-201 scintigraphy, Technitium-99m scintigraphy, single photon emission CT (SPECT) scans, radionuclide multigated acquisition (MUGA) blood pool imaging, and antimyosin scintigraphy.
Management of BCI
Therapeutic interventions currently focus on the treatment of BCI-related complications. BCI with minor ECG or cardiac enzyme abnormalities rarely produce clinically significant sequela, and these minor abnormalities usually resolve without any intervention within 24 hours [3, 5, 17, 41, 45, 52, 54, 55, 62, 75] . Anecdotal reports have shown that antiarrhythmias can treat BCI with complex arrhythmias [5, 19, 50, 75] .
BCI with heart failure requires a precise understanding of the preload and afterload characteristics of both ventricles [14, 38] . Left ventricular function is evaluated best by transesophageal echocardiography [76] . Either transesophageal echocardiography or right heart catheterization can be used to evaluate the function of the right ventricle [40, 41] . These investigations can be used to quantitate volume loading of the heart to restore adequate cardiac output. Additionally, high pulmonary vascular resistance resulting from pulmonary contusion, mechanical ventilation, or acute respiratory distress syndrome (ARDS) can be diagnosed, allowing for interventions to reduce right ventricular work [38] . Low cardiac output, resulting from dysfunction of either ventricle, may respond to inotropic support [18] . A cardiothoracic surgeon should be consulted for any patient suspected of having BCI with cardiac-free wall rupture, septal rupture, coronary artery injury, or valve injury [23, 36] .
Long-term cardiac function after BCI
Only a few studies have evaluated the long-term effects of BCI [73, 77, 78] . Stuartis et al evaluated 44 patients who had sustained a traumatic myocardial contusion [77] . These patients were compared with a control cohort of patients matched for injury severity without cardiac injury. At follow-up, 13 patients with BCI were indistinguishable from the control group of 12 patients, according to the New York Heart Association classification. Left and right ventricular ejection fractions were similar at rest and under exercise conditions between these two groups of patients. The authors concluded that traumatic BCI of the left or right ventricle usually resolves without significant functional sequela within 1 year of injury [77] .
These results are similar to findings presented by Lindstaedt et al in a prospective study of 118 patients with blunt thoracic injury [78] . BCI was identified in 14 patients using a combination of echocardiographic, cardiac enzyme, and ECG criteria. Echocardiographic hypokinesis or akinesis was detected in 13 BCI patients during hospitalization for their injuries. None of the BCI patients required treatment for a complication related to their cardiac injury. Follow-up electrocardiography, echocardiography, and a bicycle ergometry evaluated the patients 3 and 12 months after injury. Three of the 14 patients with BCI were lost to follow-up. One patient was found to have a left ventricular thrombus 12 months after injury. Echocardiographic evidence of akinesis or hypokinesis was present in only 4 of 11 patients at 1-year follow-up. None of the BCI patients experienced limitations on the bicycle ergometer because of a cardiac cause [78] . These results appear to indicate that BCI patients who do not develop acute complications will have acceptable cardiac function within 1 year of their injury.
Summary
In summary, the incidence of BCI following blunt thoracic trauma patients has been reported between 20% and 76%, and no gold standard exists to diagnose BCI. Diagnostic tests should be limited to identify those patients who are at risk of developing cardiac complications as a result of BCI. Therapeutic interventions should be directed to treat the complications of BCI. Finally, the prognosis and outcome of BCI patients is encouraging
